This paper is concerned with an application of the use of extra freedom in the coordinates transformation for exact linearizaion. We apply this technique to obstacle avoidance of a manipulator in the master-slave control. We show how to use the freedom for such an object and give the way to construct the linearizing coordinates transformation and feedback. Furthermore we evaluate the eectiveness of our method by experiments.
Introduction
The exact linearization technique [1, 2] , which is to transform the original nonlinear system into a linear controllable one with a state feedback and a coordinates transformation, is one of the most eective methods in the eld of nonlinear control. In this technique, there exists extra freedom in choosing the pair of coordinates transformation and feedback and the performance of the control system can be improved by considering it [3, 4] .
Conventional robot manipulators have simple structure and they can be exactly linearized only with state feedback. This method is well known as an eective method to control manipulators precisely. However, there exists a lot of other pairs of linearizing coordinates transformations and feedbacks and, by choosing other pairs, it would be possible to improve the performance or to change the structure of the control system.
Master-slave control is one of the basic elements telerobtic operations [5] . The slave manipulator is controlled to track the same trajectory as is given to the master one, where the slave one is actuated while the master one is not. This paper treats the case that there exists obstacles near the slave manipulator and designs a control system which autonomously avoids them in tracking the reference signal. More precisely, we will design it by choosing the linearizing coordinates transformation such that the image of it does not contain the region of obstacles. By using this method, the slave manipulator will avoid the obstacles even when the reference signal is disturbed to be discontinuous, e.g. a step signal. Furthermore, we apply this method to actual 2-link robot manipulator, and evaluate its eectiveness by experiments. The dynamics of a conventional robot manipulator is of the following form
where denotes the joint variable, denotes the input torque or force and M is an invertible inertia matrix. All pairs of linearizing coordinates transformations and feedbacks for this system are given by the following pairs (see e.g. [3] ).
where : 7 ! is any dieomorphism, J := @ =@ is Jacobian matrix of , and h is dened by
where H i := @=@(@ i =@) T is a Hessian matrix of i . Then we can design the control system which autonomously avoid the obstacles by choosing the dieomorphism appropriately. We only consider the case m = 2 in the following sections for simplicity, but it can be easily generalized to the case m > 2.
Design of coordinates transformation
This section treats the design of control system for the slave manipulator which autonomously avoids the obstacles in master-slave control. We apply the exact linearization technique to conventional robot manipulators as in the previous section and design such a control system by choosing the coordinates transformation appropriately. The objectives of this design are: (a) Slave manipulator tracks the reference signal from master one when it is away from the obstacles.
(b) Slave manipulator autonomously avoids the obstacles for any reference signal. For the objective (a), we choose as identity when the slave manipulator is away from the obstacles. When is identity, the slave manipulator tracks the reference signal precisely, i.e., it follows the master manipulator.
For the objective (b), we choose which maps a connected obstacle region into one point, and then avoid the point in the control of linearized system. The new coordinates can be depicted in the plane of the actual coordinates in Figure 1 . To get such , we proceed the following steps:
Step 1. Dene the boundary @S 1 of the obstacle region S 1 as:
where > 0 is a smooth periodic function with period 2.
Step 2. Dene the boundary @S 2 of the bended region S 2 which contains S 1 as:
(6) where k > 1 is also a smooth periodic function with period 2.
Step 3. Dene the function that is monotonously increasing with respect to r such that 8 < :
(r; ') = 0 ( r = (') ) 0 < (r; ') < r ( (') < r < k(')(') ) (r; ') = r ( r k(')(') ) 
where r denotes the reference signal from the master manipulator.
The procedure above gives the whole control system (Figure 2 ). The most important part of this paper is the experimental evaluation shown in this section. The parameters in each step of the procedure is dened as follows.
Step 1.
(') = ab p a 2 sin 2 (' 0 '0) + b 2 cos 2 (' 0 '0)
Step 2.
Step 3 Figure 5 shows the response of step reference signal from r = (0; 0) to r = (; 0). The solid line denotes the response of the proposed control system, the dashed line denotes that of the control system when is identity. The slave manipulator of the proposed method smoothly avoids the obstacle even when the reference signal is discontinuous, while it collides the obstacle when is identity. This paper has discussed an application of the use of extra freedom in the coordinates transformation for exact linearizaion. We have applied this technique to obstacle avoidance of a manipulator in the master-slave control. How to use the freedom for such an object was shown and the way to construct the linearizing coordinates transformation and feedback was given. Furthermore we have evaluated the eectiveness of our method by experiments.
